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Abstract. Molecular dynamics simulations of Argon flow confined between two parallel 
graphene sheets are carried out to investigate the effects of some parameters on heat transfer 
and thermal properties. These parameters include wall-fluid interaction strength and fluid 
density where for constant wall temperature simulations, we show that these two parameters 
have influence on near-wall fluid density. As a result, the heat transfer at wall-fluid interfaces 
and thus through Argon molecules across the domain will change. To analyze the results, the 
density and temperature profiles and two other parameters including temperature gradient of 
the bulk of Argon molecules and the Kapitza length are considered. The Kapitza length 
represents the thermal resistance at liquid-solid interface. According to the results, the 
increase of wall-fluid interaction strength leads to greater number of Argon molecules near 
the walls and consequently, the Kapitza length decreases and an enhancement is observed in 
temperature gradient and the slope of temperature profile. Furthermore, higher values of fluid 
density cause that the thermal resistance at wall-fluid interactions increases. Therefore, greater 
temperature jumps are observed in temperature profiles.
1 INTRODUCTION
Molecular dynamics (MD) simulation of fluid flows in micro/nano sizes has been widely 
developed to extract detailed information on fluid behavior, especially in medicine, 
physiology, and nano scale devices [1-4]. Micro-electro-mechanical-systems (MEMS) and 
Nano-electro-mechanical-systems (NEMS) are such devices which have commercial 
applications [5] so it is necessary to have a comprehensive perception of thermal transport in 
these systems. As a result, molecular dynamics approach is implemented to model the heat 
transfer in nanostructures. In the researches of this field, temperature profile, calculation of 
heat flux, interface thermal resistance (ITR), thermal conductivity, and thermal efficiency of 
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various structures are subjected to study [6-13]. Most analyses of these results treat 
conduction as a diffusion process which can be described by Fourier's law and confirm that 
the interface thermal resistance strongly affects the heat transfer.
Two theoretical models lead the interpretation of this phenomenon. Acoustic mismatch 
model (AMM) was proposed by Little [14] which predicted the thermal resistance by treating 
the phonons as plane waves with assumption that no scattering occurs at the interface. Swartz 
and Pohl [15] proposed diffusive mismatch model (DMM) which assumes that diffuse 
scattering destroys acoustic effects at interface. In a solid/liquid interface, two parameters of 
temperature and near-surface structure of liquid affect the ITR. 
Nano scale Poiseuille flows have been subjected to investigate the effects of different 
parameters on Interface thermal resistance. Shi et al. studied thermal resistance at argon-
graphite and argon-silver interfaces [16]. Barisik and Beskok investigated the interface 
thermal resistances and represented a range for interface thermal resistance of argon-silver 
interface [17] and also investigated the effect of different silicon-water interaction strength 
values on the Kapitza length [18]. According to Murad and Puri reports, increase of the fluid 
pressure or fluid molecule layers will decrease the Kapitza length [19]. In spite of a wide 
range of knowledge in the discussed field, the affecting parameters on interface thermal 
resistance of argon flow confined between graphene [20] sheets is not clear.
In this paper, two different parameters including wall-fluid interaction strength and fluid 
density which have influence on the heat transfer and the thermal properties of an Argon flow 
confined between two parallel graphene sheets are investigated. We are interested to find out 
how these parameters affect the thermal properties. The effects of them are represented by 
plotting the density and temperature profiles. Heat flux, temperature gradient and the Kapitza 
length will be studied to compare the results and make a conclusion. In the following part, the 
simulation and the parameters considered in this paper are described and in chapter 3, the 
results are presented.
2 MOLECULAR DYNAMICS SIMULATION DETAILS
A liquid Argon flow confined between two parallel graphene sheets is simulated. Using 
LAMMPS solver [21], the mono atomic noble gas molecules of Argon are located in the 
domain in a way that the particle density [22] is 0.85. However it will be changed for more 
analysis in 3.2. The particle density is calculated as:
*
' ' '




where N is the number of molecules and 'L is the dimensionless length. It is noteworthy that 
the particle density can be calculated for the bins and the whole domain.
Total dimensions of the domain are 3.40, 3.46 and 4.34 nm in X, Y and Z directions 
respectively. Periodic boundary conditions are applied on X and Y directions and Z direction 
is limited by the graphene sheets. As wall structure, the graphene sheets consist of 448 carbon 
atoms arranged in Hexagonal lattice with separation of 0.142 nm. In order to avoid the escape 
of the fluid molecules, the wall molecules are attached to their initial positions by a linear 
spring with the stiffness of 2500 /ε σ .Using VMD [23], the initial placement of the molecules 
is depicted in figure 1.
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The motions of the molecules are determined by Newton’s second law using Verlet’s 
integrating schemes [24-25] with a time step of 1 femtosecond. The intermolecular 
interactions of Carbon-Carbon molecules are calculated using Adaptive Intermolecular 
Reactive Empirical Bond Order (AIREBO) potential. AIREBO potential includes three 
different potentials; REBO, Lennard-Jones and TORSION. The REBO term is a hydrocarbon 
potential describing the short-range interactions of carbon-carbon molecules. The longer-
ranged interactions of carbon-carbon molecules are calculated by The Lennard-Jones term and 
the TORSION is a 4-body potential which describes the dihedral angle preferences in 
graphene structure. Implementing Lennard-Jones (L-J) 6-12 potential function, the 








    
         
(2)
where ijU is L-J potential, σ is the distance characteristic length, ε is the energy scale and ijr
is the distance between two interacting molecules i and j. The derivation of the above 
equation respect to ijr is applied to calculate the intermolecular forces. The energy scale, ε, for 
Argon is 0.0103403 ev.  The wall-fluid interactions are calculated by Lennard-Jones as well 
as fluid-fluids. Nevertheless, it is noteworthy that the energy scale and the distance 
characteristic length must be changed to appropriate values. Implementing mixing rule, the 
distance characteristic length and the energy scale for wall-fluid interactions are 3.268 Å and 
0.00557256 ev respectively. This value of ε will be referred as bε in the next sections.
Initial temperature of 130 K is set for Argon molecules. Applying Maxwell-Boltzmann 
distribution function on the Argon molecules, the initial thermal velocities are randomized.  
To reach thermal equilibrium, we let the system iterate for 610 times (1 ns) while Canonical 
(NVT) ensemble with Nose-Hoover thermostat is applied on the whole molecules keeping the 
temperature of the system at 130 K. Afterward, in order to induce a heat flux through the 
domain, top and bottom wall temperatures are assigned 150 and 110 K, respectively using 
Nose-Hoover thermostat while NVE ensemble is applied to the water molecules for 62 10×
iterations (2 ns) to ensure that the system attains equilibrium with the new heat flux 
conditions. Then, 63 10× iterations (3 ns) are considered for averaging to obtain macroscopic 
properties. The sampling is performed in 29 and 59 slab bins parallel to the graphene sheets to 
attain temperature and density profiles respectively. The Lennard-Jones potential predicts 
repulsive forces as the distance between two molecules decreases less than the potential 
minimum length. Hence, the bins adjacent to the graphene sheets would be unoccupied by the 
Argon molecules or the number of Argon molecules is not sufficient for sampling. Therefore 
the adjacent bins are left out in local temperature averaging whereas there would be no 
omission in the density bins. In other bins with low number of molecules, the results would 
not be reliable. So for such a bin, a linear interpolation of temperature between the 
corresponding adjacent bins is implemented to make the temperature profiles continuous. The 
interpolated temperatures for these bins are calculated and they are marked with a box around 
in temperature profiles.
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Different temperatures for graphene sheets will lead to a thermal gradient in Z direction. 
As a result, this gradient generates heat flux between the parallel sheets. The rate of heat 
transfer can be calculated as below:
( )i i ij j ij
i i
1









where V is the volume of the domain and ie and iv denote the total energy per atom and the 
velocity of particle i while ijf and ijr represent the force caused by molecule j which acts on 
molecule i and the distance between two interacting molecules respectively.
In order to calculate the Kapitza length at the liquid-solid interfaces, an extrapolation is 
performed on temperature profile from liquid into the solid where the wall temperature is 














is the temperature gradient on the liquid side and liquid wallT T T∆ = − . In order to 
analyze thermal properties, Kapitza lengths, the heat flux generated between the walls and the 
temperature gradient of argon molecules across the domain are studied. In each case, the 
particles are distributed uniformly over the simulation domain with the corresponding particle 
density. Two parameters of LJC Oε − and cutr are the major sources of uncertainties in the system 
analyzed in this paper. More information about these parameters could be found in Ref [27].
3 RESULTS AND DISCUSSION
In this paper, two different parameters are investigated to study their influences on thermal 
properties of the mentioned Argon flow. These parameters include wall-fluid interaction 
strength and fluid density. Temperature and density profiles, temperature gradient plots and 
Kapitza lengths are utilized to analyze the thermal properties in each case.
3.1 Effect of wall-fluid interaction strength
To investigate the effect of wall-fluid interaction strength, five different interaction 
strength values including 1, 2, 4, 6, 8 and 10 bε× are considered. The density profiles of each 
case are depicted in figure 2. Using equation (1), the dimensionless densities are calculated in 
all the bins for each case. Although it cannot be seen in the figure 2, the density profiles 
across the channel are not totally symmetric. The particle density of the bins near the upper 
wall (with higher temperature) is slightly greater than that of the bins adjacent to the lower 
wall (with lower temperature). It represents the influence of wall temperature on distribution 
of Argon molecules. This is due to the fact that the molecular motions in the upper layers are 
greater than those of in the lower layers. Higher molecular motions cause a partial reduction 
in number of Argon molecules occupying a bin. So the upper bins contain fewer Argon 
molecules rather than the corresponding lower bins.
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According to the Carbon-Argon interactions and their interaction strength, the Argon 
molecules are repelled or attracted by the Carbons. As a result, different density profiles are 
obtained for different values of wall-fluid interaction strength. The fluctuations in density 
profiles are caused by density layering of the Argon molecules near the walls. Getting away 
from the walls, the fluctuations are decaying and the density is approaching to the initial value 
of 0.85. Increase of wall-fluid interaction causes more attraction of Argon molecules in near-
wall bins. Different density profiles for different interaction strengths affect the thermal 
properties such as temperature profile, Kapitza length and heat flux of the bulk of Argon 
molecules.
The temperature profiles obtained using the mentioned slab bins are plotted in figure 3. It 
is noticeable that different values of wall-fluid interaction strength result in different 
temperature plots and in all cases, temperature jump can be seen at liquid-solid interfaces. 
These jumps can be associated with phonon mismatch at the interfaces. The increase of 
interaction strength leads to more concentration of Argon molecules near the walls and 
consequently better coupling between the Argon and Carbon molecules. As a result, the 
temperature of the near-wall Argon molecules would be closer to the corresponding wall
temperature and thus the temperature gradient of Argon molecules across the channel 
increases. The increase in the slope of the temperature profile is the evidence of this 
phenomenon. The curvature of the profiles can be attributed to thermal conductivity as a 
function of temperature. It was mentioned in section 2 but it is worth pointing out again that 
the temperatures marked in a box are the bins with insufficient number of molecules where 
their temperatures are obtained by linear interpolation.
For more accurate analysis of the temperature profiles, we consider the other parameters 
mentioned above. The results are extracted from the simulations to make a better study of 
thermal properties. The temperature gradient of Argon molecules across the channel is plotted 
in figure 4 for different values of interaction strength. The temperature gradient is obtained by 
calculation of the slope of the temperature profile. The method of least squares is 
implemented for curve fitting and the calculation of the slope. The square residuals for all 
cases are less than 2.5%. According to figure 4, the increase of Ar Cε − enhances the temperature 
gradient of the bulk of Argon molecules. This is because of the enhancement in the slope of 
temperature profile which was explained before. Another parameter studied for thermal 
properties investigation is the heat flux transported between Argon molecules. The amounts of 
heat flux between the walls are also depicted in figure 4. It is noticeable that the heat flux 
increases by higher interaction strength as well as the temperature gradient.
As mentioned in section 1, Kapitza length is a parameter representing thermal resistance. 
For all cases of different interaction strengths, this length has been calculated for two liquid-
solid interfaces and the results are plotted in figure 5. Clearly from this figure, there is an 
inverse relationship between Ar Cε − and Kapitza length. The increase of Ar Cε − reduces the 
Kapitza length and therefore the thermal resistance at the interfaces as well. Higher amount of 
Ar Cε − induces more interactions between the Argon and Carbon molecules at the interfaces. 
Hence, better coupling and heat transfer between these molecules occur. Moreover, it is 
obvious that the Kapitza length for the upper wall (with higher temperature) is less than that 
of the lower wall. This is due to the fact that higher temperature dominates the interface 
thermal conductivity and consequently the Kapitza length.
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3.2 Effect of density
The influence of density on thermal properties is investigated in this part. Different values 
of particle density including 0.65, 0.75, 0.85 and 0.95 have been considered to study if 
particle density affects thermal properties.
A dimensionless particle density is utilized to plot the number of atoms in each bin across 
the channel. To investigate the distribution of Argon molecules due to different densities and 
compare density profiles, the number of Argon molecules in each bin for all cases has been 
calculated. By dividing the number of particles in each bin by the total number of Argon 
molecules, we can compare the density profiles. The resultant value is multiplied by 100 and 
hence the result indicates the percentage of Argon molecules that each bin contains in each 
case of particle density. Now it would be possible to study the effect of density in the bins 
across the channel. Figure 6 illustrates the percentage of Argon molecules across the channel 
for different particle densities.
As it was mentioned earlier, the distribution and the concentration of fluid molecules near 
the walls affect the temperature jump at the interface of wall and fluid. From figure 6, it is 
self-evident that increasing density leads to decrease in the percentage of Argon molecules 
near walls. In other words, higher fluid density increases the concentration of molecules in the 
middle of the domain rather than near the walls. Therefore lower slope of temperature profile 
across the domain is expected for higher densities which represents decreasing in temperature 
gradient of Argon molecules between the walls and the Kapitza length as well. The 
temperature profiles for different values of particle density are plotted in figure 7. The results 
for the temperature profiles confirm the fact that increasing fluid density decreases the 
temperature slope and temperature gradient.
It was mentioned in previous part that the temperature gradient of Argon molecules 
corresponding to each particle density is obtained by the slope of the temperature profiles. 
The temperature gradients for different particle densities are depicted in figure 8. As evident 
from this figure, higher density accompanies by lower temperature gradient. Furthermore, 
increasing the density enhances the Kapitza length at the interface of the fluid and the walls. 
Figure 9 shows the variations Kapitza length with particle density. The enhancement in 
Kapitza length can interpret as increase in interface thermal resistance between the fluid and 
the walls. The reason of the difference between the Kapitza lengths at two interfaces was 
mentioned in 3.1.
The amounts of heat flux generated across the channel through Argon molecules for 
different particle density are shown in figure 10. According to figure 10, the heat flux through 
Argon molecules has a direct relationship with fluid density. This can be interpreted by using 
the one-dimensional model of heat conduction, Fourier’s law. Below is the one-dimensional 





= − (5)  
Where zQ is the heat flux induced in the Z direction, k is thermal conductivity, Ac is cross-
sectional area of the heat flux and dT
dz
is applied temperature gradient. Due to this equation, 
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the two parameters, k and dT
dz
, have influence on heat flux. According to the temperature 
profiles, the temperature gradients and the Kapitza lengths presented above, as fluid density 
increases, the interface thermal resistance increases as well. Hence, the temperature gradient 
of the bulk of Argon molecules decreases. Nonetheless, the induced heat flux through Argon 
molecules increases which is attributed to the enhancement of thermal conductivity of the 
bulk of Argon molecules. 
4 CONCLUSION
In this paper, we showed that heat transfer and thermal properties at wall-fluid interfaces 
are as function of near-wall fluid density and wall temperatures. To prove this claim, two 
parameters including wall-fluid interaction strength and fluid density were considered to 
analyze the thermal properties of an Argon flow through two parallel graphene sheets. We 
showed that the these two parameters have influence on fluid density at near wall regions and 
consequently the thermal properties 
The results clearly showed that increase of wall-fluid interaction strength raises the number 
of fluid molecules near the walls. Higher interaction strength creates better coupling between 
the Argon and Carbon molecules and thus the slope of temperature profile increases. As a 
result, the Kapitza length decreases and the temperature gradient of Argon molecules across 
the system rises.
The studies on the effect of fluid density on thermal properties also indicated that 
increasing fluid density will change the distribution of fluid molecules near the walls in a way 
that the interface thermal resistance increases. As a result, the interface thermal conductivity 
decreases and the temperature jump between the wall and the fluid is enhanced. However 
higher fluid densities cause an increase in fluid-fluid interactions and thermal conductivity in 
the bulk of Argon molecules as a consequence. 
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FIGURES
Figure 1: Schematic of initial molecules positions
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Figure 3: Temperature profiles of different values of wall-fluid interaction strength
Figure 4: Temperature gradient of the bulk of Argon molecules and heat flux transferred between the walls 
for different values of wall-fluid interaction strength
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Figure 6: Proportion of the number of molecules in each bin to the total number of molecules for different 
particle densities
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Figure 8: Temperature gradient of the bulk of Argon molecules for different fluid densities
Figure 9: Kapitza length at liquid/solid interfaces for different fluid densities
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